Introduction
Most cancer chemotherapies are administered in cycles lasting several weeks to months. The response rates vary greatly and robust biomarkers to predict drug-specific responders in most cases are elusive. The traditional clinical efficacy measurements of a therapy regimen consist of non-invasive imaging of tumor shrinkage. Magnetic Resonance Imaging (MRI), for example, is often used. However, discernible differences in tumor mass by MRI often require weeks to months of treatment to appear, which leads to loss of valuable treatment time for non-responders in which other therapies could be tried. Thus, methods to reliably detect drug efficacy earlier in the treatment cycle would have a significant clinical impact.
Raman spectroscopy (RS) exploits the inelastic scattering of photons to probe the structure and dynamics of molecules through their vibrational transitions. The shift in the initial and final vibrational states of the molecule is manifested in the form of characteristic spectral patterns, termed as Raman fingerprints. RS has been widely used in various facets of biological research ranging from disease diagnostics to diabetes monitoring. [1] [2] [3] In contrast to conventional imaging techniques, it offers advantages of being rapid, non-invasive and label-free. In vivo identification of healthy and cancerous conditions has become feasible with the advent of fiberoptic probes. 1, [3] [4] [5] The varied effects of the tumor microenvironment have a significant effect on actual drug response. [17] [18] [19] In this study, we have employed Raman spectroscopy to measure and identify an apoptotic response that is present only within the drug-treated tumor regions. The results of this proof-of-concept study are relevant for the development of methods to optimize and monitor chemotherapy. The ability to obtain serial measurements in a minimally invasive manner will allow determination of drug pharmacodynamics and assessment of intra-tumor response to therapy to enable more rapid and accurate clinical decision-making.
Experimental
An implantable drug-delivery micro device, adapted from ref. 20 , to deliver micro doses of the anti-cancer drug doxorubicin into melanoma or breast tumors in nude mice is used (Fig. 1) . 20 Freshly excised tumor sections were placed on top of quartz coverslip and imaged with a custom-built Raman microscope with excitation wavelength at 785 nm at 60 mW power. 21, 22 The ordinary least squares fitting method was used for biochemical analysis of the tissue using basis components, DNA, albumin, actin, collagen, triolein, and phosphatidylcholine. 22, 23 This study was performed in strict accordance with the NIH guidelines for the care and use of laboratory animals and was approved by the Institutional Animal Care and Use Committee of Brigham and Women's Hospital (Boston, MA).
Results and discussion
The most striking change in the Raman signal observed during apoptosis induced by doxorubicin occurs at wavenumbers that are characteristic of DNA, Fig. 2 . Doxorubicin is a DNA-intercalating agent and induces apoptosis through either structural damage to DNA directly or by interfering with the replication machinery. Consistent differences at 785 cm −1 were observed in 300 measurements across 3 tumors (Fig. 4) . These findings were further verified by immunohistochemistry (IHC). Tumor sections were stained using cleaved-caspase-3 antibodies. Near-perfect spatial overlap is observed between the tumor regions that display reduced DNA Raman signal and the IHC antibody staining for apoptosis (Fig. 2) . The reduction in DNA is thus congruent with the known biochemical mode of action of the drug. We collected basis spectra for the major components present in the tissue to isolate the spectral changes due to apoptosis from other signals. DNA was selected to observe nuclear damage induced by the drug. Albumin and actin were selected to represent plasma and cytoskeleton proteins. Collagen was selected, as it is the main component of connective tissues. Triolein and phosphatidylcholine were selected as non-membrane and membrane lipids, respectively. The data were normalized and fitted to obtain their relative intensities across the fingerprint range (Fig. 3A) . Using the basis spectra as a framework, we collected 100 spatially separate measurements from both exposed and unexposed regions and isolated a specific intensity measurement for each of the biological components of the tissue. Across all samples, the intensity of the signal associated with DNA (wavenumber 785 cm −1 ) integrity decreased by 59.4% during 24 h of doxorubicin treatment, Fig. 4 . Unpaired student's t-test coupled with welch correction was performed to access the significance of difference. As shown in Fig. 4 , significant differences were observed in DNA and protein concentration between treated and untreated groups. Reduction in lipid content can be reconciled with apoptosis. Previous single-cell studies have shown that there are changes in the shape and composition of the cell membrane, which is composed primarily of lipids, during apoptosis. 18 Metabolic changes induced by the apoptosis machinery may also contribute to altered lipid synthesis. 17 Increase in protein content could be attributed to the enhancement of the cellular stress response associated with toxins which have been reported to lead to higher protein expression. [24] [25] [26] As mentioned Raman fiberoptic probes have been used clinically to examine tissue morphology, detect cancer; identify ). Raman image is overlaid with bright field image, (C-D) representative spectra from lower DNA (red) and normal DNA areas.
tumor margins, and other purposes. 1, 3, 13, 14 The ability to detect drug effect in real-time and in vivo, however, has thus far not been realized. Major apoptosis assays include analysis of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), comet electrophoresis and flow cytometry. However, these methods require the addition of dyes or fluorescent labels which may have an effect on the cells and might interfere with drug effects. Additionally, these methods are time-consuming in sample preparation and more importantly difficult to apply in vivo. Raman spectroscopic methods can serve as an alternative to these because of its non-destructive and label-free nature. The positions, intensities, and linewidths of the various spectral bands can be used to probe structural and molecular changes in large biological molecules.
Conclusions
Results presented in this communication indicates that Raman spectroscopic methods can be employed for in vivo detection of apoptosis. This might open a new avenue of labelfree measurement of drug effect inside the tumor during chemotherapy. Such information could be used to guide further therapy for patients. Alternatively, this technology could be integrated with existing implantable devices for drug delivery. For instance, drug-eluting wafers could be equipped with Raman capabilities to directly feedback data on the released drug's effectiveness. 27, 28 In the diagnostic realm, microdevices for drug sensitivity testing equipped with Raman sensing can provide efficacy information for multiple drugs in real-time to enable rapid selection of optimal personalized drug therapies.
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